Vegetative coverage is commonly used to reduce urban slope soil erosion. Laboratory experimental study on soil erosion under grass covered slopes is conventionally time and space consuming. In this study, a new method is suggested to study the influences of vegetation coverage on soil erosion from a sloped loess surface under three slope gradients of 51, 151, and 251; four rye grass coverages of 0%, 25%, 50%, and 75%; and three rainfall intensities of 60, 90, and 120 mm/h with a silt-loamy loess soil. Rye grasses were planted in the field with the studied soil before being transplanted into a laboratory flume. Grass was allowed to resume growth for a period before the rain simulation experiment. Results showed that the grass cover reduced soil erosion by 63.90% to 92.75% and sediment transport rate by 80.59% to 96.17% under different slope gradients and rainfall intensities. The sediment concentration/sediment transport rate from bare slope was significantly higher than from a grass-covered slope. The sediment concentration/transport rate from grass-covered slopes decreased linearly with grass coverage and increased with rainfall intensity. The sediment concentration/transport rate from the bare slope increased as a power function of slope and reached the maximum value at the gradient of about 251, whereas that from grass-covered slope increased linearly and at much lower levels. The results of this study can be used to estimate the effect of vegetation on soil erosion from loess slopes.
Introduction
Vegetation is one of the key factors influencing soil erosion in various locations such as the Loess Plateau, which is one of the most highly erodible areas worldwide (Zheng, 2006) . Loess soil is highly vulnerable to erosion. The effects of grass coverage on runoff and sediment yield from loess slope should be determined for soil and water conservation.
Vegetation can reduce soil erosion by intercepting rainfall, to reduce the kinetic energy of raindrops. Vegetation can also increase soil infiltration by improving its physicochemical properties, decrease runoff and erosion energy, and entrap detached sediment particles, reduce migration of pollutants and loss of soil and water. The extent to which grass affects runoff and sedimentation depends on grass density, runoff velocity, and grass submergence. Grass density can be characterized by grass coverage, whereas runoff velocity and grass submergence depend on slope gradient and rainfall intensity. Thus, factors that influence soil erosion include precipitation, vegetation, and slope gradient, among others (Messing, Fagerstrom, Chen, & Fu, 2003; Vahabi & Nikkami, 2008; Zuazo & Pleguezuelo, 2008 ). Rainfall energy is identified as the primary cause of erosion, which is prone to occur when the soil lacks protective vegetative covering (Zuazo & Pleguezuelo, 2008) . Runoff and its capability for erosion increase with rainfall intensity (Liu, Cao, Wang, & Qin, 2010) .
Vegetation coverage influences the entire process of soil erosion. Grass strips of different widths can reduce soil loss by 50% to 99%, and grass density is identified as a key factor affecting sediment reduction (Van Dijk, Kwaad, & Klapwijk, 1996) . Runoff and sediment loss have been shown to decrease exponentially with vegetation coverage (Moore, Thomas, & Barber, 1979; Snelder & Bryan, 1995) .
Slope gradient is one of the key factors affecting runoff and soil erosion. A study of the effect of slope gradient on soil erosion in the Boise River watershed indicated that the proportion of the eroded area rose sharply with an increase in slope gradient but remained constant with a gradient ranging from 251 to 551 (Renner, 1936) . The amount of soil eroded increases with the slope gradient (Fox & Bryan, 2000; Kinnell, 2000) .
Slope length is an essential geomorphologic factor affecting soil erosion. The converged flow and energy of transporting the detached sediment increases with slope length, thereby detaching and transporting more sediments. Consequently, sediment yield increases as a power function of slope length and reaches a relatively stable value at the sediment transport capacity at a slope length of 8 m (Zhang, Lei, & Zhao, 2008) . In a previous study, when the loess slope length was less than 3 m, runoff converged less, no vigorous incision was observed, and only flow concentration occurred, accompanied by localized washing of fine soil particles into depressions (Bryan & Poesen, 1989) . Therefore, when the studied slope is not long enough, splash or sheet erosion may occur, but no rill erosion presence.
The relationship between precipitation and erosion is nonlinear and complicated because of vegetation cover (Xu, 2005) . The effects of different vegetation coverage on soil erosion have been widely examined. However, few studies involve the interaction of different factors that influence sediment yield and vegetation coverage. The study conducted in the Lüergou watershed in the China loess area indicated that the precipitation contributes more erosion than vegetation cover (Yu, Zhang, Li, Zhang, & Xie, 2006) . Laboratory experiments were conducted under a simulated rainfall intensity of 100 mm h À 1 and a slope gradient of 151. On the basis of these experiments, Pan and Shangguan (2006) concluded that the grassplot with different coverages (35%, 45%, 65%, and 90%) produced 14-25% less runoff and 81-95% less sediments compared with the bare soil plot. In addition, a significant negative logarithmic relation existed between the sediment yield rate and the cover. However, given a slope length of only 2 m, this particular condition may not sufficiently long enough to represent the phenomenon of soil erosion from longer slopes. Furthermore, the study only demonstrated soil erosion under one slope gradient and one rainfall intensity. The composite effects of different rye grass coverages, slope gradients, and rainfall intensities on soil erosion were not discussed.
An experiment on the effect of grass coverage on runoff and sediment yield can be performed as a field or a laboratory study. Landform and weather limit the conduct of a field experiment because slope gradients and rainfall intensities would be difficult to control (Morgan, McIntyre, Vickers, Quinton, & Rickson, 1997) . Although rainfall intensities and slope gradients can be adjusted artificially in laboratory experiments, the previous studies were generally based on insufficient conditions such as short slopes and gentle gradients. These conditions result from the limited space in a laboratory and the time entailed to grow vegetation. In such a case, the following should comprise the conditions: vegetation coverages only (Pan & Shangguan, 2006) , growing time of vegetation only (Zhou & Shangguan, 2007) , or vegetation coverages combined with rainfall intensities (Zhang & Liang, 1996) . To examine sediment transport in urban runoff on grassland, Deletic (2005) used an artificial turf called Astroturf with different densities to simulate grass cover. The Astroturf density is easier to control, and its material exhibits superior moisture absorption and resilience similar to those of natural grass. However, Astroturf has no root and allows no infiltration on the simulated slope surface, which prevents it from completely simulating natural grass turf. Planting a grass turf in the field before transplanting it into the laboratory for simulated rainfall experiments can solve the problem of limited space, as well as systematically determine the effects of vegetation coverage on soil erosion.
In this study, an efficient method is suggested to conduct a series of laboratory experiments under different simulated rainfall intensities and slope gradients to determine the effects of rye grass coverage on soil erosion from loess slopes. This paper reports on the following: (1) define the procedures of planting rye grass turf with varying coverages in the field before transplantation into the laboratory for experiments under rainfall simulation; (2) examine the effects of rye grass coverages, slope gradients, and rainfall intensities on soil erosion; (3) quantify the effects of rye grass density on reducing soil erosion.
Materials and methods
The experiment was conducted at the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau in Yangling, China. A side-sprinkle precipitation system was used in the experiments. At a height of 16 m, the precipitation system can imitate rainfall with a well consistence of raindrop characteristic compared to the natural rainfall (Zhou, Zhang, & Tang, 2000) . Rainfall intensity was calibrated prior to the experiments. The flume used was 8 m long, 2.4 m wide, and 0.33 m high with an adjustable slope between 01 and 301. Polyvinyl chloride boards were used to divide the flume into 12 equal strips that were 0.2 m wide each. Poles were formed at the bottom of the flume, allowing soil water to be drained freely. The treatments were as follows: four grass coverages (0%, 25%, 50%, and 75%), three slope grades (51, 151, and 251), and three rainfall intensities (60, 90, and 120 mm/h). Three replicates were made for a total of 108 experiments. Rye grass (Lolium perenne L.), which tillers freely and requires less time for growth, was the grass selected for the experiment. Silt loam (loess) soil was used, which was collected from cropland topsoil in Ansai County, Shaanxi Province and was composed of 5.5% clay, 60.7% silt, and 33.8% sand particles.
The grass turf was planted at the experimental farm of Northwest Agriculture and Forestry University. The experimental soil was air-dried and passed through a 10 mm sieve to eliminate grass roots and stones. Prior to sowing seeds, the experimental plot was flattened using wide-wheel pressure and then wholly covered with plastic net to separate the tested soil and the local soil. The plastic net was covered evenly with the tested soil to a depth of 5 cm. The seeds were sown once every seven days up to the scheduled date of the experiments, so as to produce about the same size grasses as the experiment proceeded. The seed quantities of the three coverages were 1, 2, and 3 g/m 2 , corresponding to 25%, 50% and 75% grass coverage. The turf was transplanted with soil depending on the need of the experiment 30 days after germination. Strips of turf of 1 m long, 0.2 m wide, and 0.1 m thick, were used to reduce soil disturbance caused by transplanting. (Fig. 1) A total of 9 grass flumes and 3 bare soil flumes were identified among the 12 strips of the flumes (Fig. 1) . Sand with a thickness of 5 cm was packed at the bottom of the flume. Soil was then packed, and a piece of gauze was placed on the sand. Nine of the slopes were evenly packed with silt clay in layers to 18 cm thick, before the turf strips were placed on top the slope. Gaps between the wall and the turf as well as between turf strips were filled with the tested soil to avoid any marginal effect. The bare slope was packed evenly with 20 cm thick loess soil, in 4-5 cm layers to obtain a bulk density of 1.20 g/cm 3 , which was the same as that of the turf soil at the field. After the flume was packed, a simulated rainfall intensity of 20 mm h À 1 was applied to saturate the plots. Plant growth light-emitting diode (LED) lights placed 2 m above the plot were used to simulate the outdoor environment and allow the grass to adapt with the laboratory environment as quickly as possible, and to reduce soil disturbance caused by transplanting. After a period of 72 h, the soil was again saturated. The simulated rainfall experiments began after another 24 h. After the drainage period, soil moisture was set close to field capacity to ensure that the water content and infiltration were under similar conditions. To sum up, the essential terms for the efficient method were: (1) use the experimental soil as topsoil for planting grass turf to ensure that the soil condition was consistent with the experiment; (2) plant the turf in the field to ensure natural growth; (3) transplant the turf to the laboratory where the designed experimental conditions, i.e., slope gradients, rainfall intensities, and other factors were easier to control; (4) use plant growth LED lights to accelerate the recovering of the turf and provide conditions similar to those of the natural environment; (5) provide simulated rain to ensure that the soil had sufficient moisture so that infiltration was consistent in each experiment.
Simulated rainfall with the desired intensity was employed for 10-30 min after a persistent runoff. The runoffinitiating time for each treatment was recorded. The runoff and the sediment were sampled at the outlet at intervals of 1-2 min. Velocities on the upper, middle, and lower slopes were measured by KMnO 4 coloration: upper slope, 0-1 m; middle slope, 2-3 m; lower slope, 4-8 m. After measuring the volume of the flow mixed with the sediment, Fig. 2 . Effect of grass coverage on sediment concentration. the sediment was deposited, separated from water, dried in an oven at 105 1C to constant weight, and weighed to obtain a specific sediment concentration (kg/m 3 ). Runoff rate was determined as the volume of collected flow from which sediment volume was deducted, and runoff yield was the total volume during a certain period. The parameters are expressed in the relation below
where V is the sample volume, m 3 ; V f is the volume of pure water, m 3 ; V s is the volume of pure sediment s, m 3 ; m s is the mass of sediment, kg; and γ s is the particle density of sediments, 2650 kg/m 3 . The average net discharge volume is given as the following formula:
where Δt is the time interval to collect the runoff sample, s; and q is the flow rate, m 3 /s. Sediment concentration is calculated as the ratio of sediment mass to runoff volume, and sediment transport rate is the sediment mass that passes through a cross-section per unit time and unite width. Sediment concentration and sediment transportrate are calculated by the following formulas:
where C is the sediment concentration, kg/m 3 ; Q s is the sediment transport rate of unit width, kg/s; q 0 is the flow rate of the sediment laden water, m 3 /s, and B is the width of slope, m. The percentage reduction in sediment concentration (R S ) is the ratio of the reduced sediment concentration from the grassed slope with respect to that from the bare slope. The percentage reduction in sediment transport rate (R QS ) represents the ratio of reduction in sediment transport rate from the grass-covered slope with respect to that from the bare slope. R S and R QS are defined in Eqs. (6) and (7) Table 1 Sediment concentration and sediment transport rate under different conditions. Means within a column followed by the same letter are not significantly different α¼ 0.05 level using the least significant difference (LSD) method.
where i is the rye grass coverage (in the present study, 0.25, 0.5, and 0.75); C 0 is the sediment concentration from the bare slope, and C i is the sediment concentration from the grassed slope, kg/m 3 ; Q S0 is the sediment transport rate from the bare slope, and Q Si is the sediment transport rate from the grassed slope, kg/s.
Results and discussion

Effects of rye grass coverage on sediment concentration
The effects of rye grass coverage on sediment concentration are presented in Fig. 2 markedly lower than that of the bare slope. The sediment concentration decreased with increase in the grass coverage under a given slope gradient and rainfall intensity (Fig. 2) . The value decreased sharply when the rye grass coverage increased from bare to 25%, and the sediment concentration decreased slightly when the rye grass coverage increased from 25% to 75%. These reductions suggest that even a rye grass coverage as low as 25% can efficiently reduce soil erosion. Sediment concentration increase linearly with rainfall intensity, and the increase rate was affected by the slope gradient and the coverage (Fig. 3) . The increase in the sediment concentration from the bare slope slowed with the increase in rainfall intensities, whereas that from the rye grass-covered slope increased. Soil erosion became extremely severe, quickly exhausting the erodible soil because of the steep slope and extremely high rainfall intensity at 120 mm/h under the slope of 251. Thus, we predicted the value of sediment concentration under this condition according to the linear relationship between sediment concentration and rainfall intensity (shown in Figs. 3-7 as dashed lines). The same phenomenon in which the erodible soil was exhausted was found in the experiments by Snelder and Bryan (1995) . Although the slope was covered by grass, soil erosion under the slope gradient of 251 and rainfall intensity of 90 mm/h was serious. The sediment concentrations of the rye-grass covered slopes under 25%, Fig. 4 . Effect of slope gradient on sediment concentration. 50% and 75% coverage were 335.41, 282.94, and 231.29 kg/m 3 respectively. The analysis indicated that these values were much higher than the allowed degree of erosion. The rye grass coverage under this condition (i.e., gradient of 251 and rainfall intensity of 90 mm/h) is not sufficient to protect the slope. Thus, a lower and gentler slope was needed to prevent serious soil erosion under heavy rains.
Sediment concentration changed with the slope gradient, and the trend was affected by rye grass coverage. The sediment concentration of the bare slope increased with the slope gradient under a given rainfall intensity, and the trend of the increase can be expressed approximately by a linear function. Fig. 4 shows that the sediment concentration of the bare slope increased with the slope gradient and increased sharply when the gradient was raised from 51 to 151; however, the increase rate diminished when the gradient was raised from 151 to 251. The sediment concentration of the rye grass-covered slope increased almost linearly with the slope gradient (Fig. 4) , and the growth rate increased with the rainfall intensity. The sediment concentrations under rainfall intensity of 120 mm/h and slope Fig. 5 . Effect of grass coverage on sediment transport rate. gradient of 251 were estimated (shown in Fig. 4 as dashed lines) as indicated in Fig. 3c . The calculation was performed according to the linear function of sediment concentration and slope gradients. This value predicted approached the one that was estimated according to the linear function of sediment concentration and rainfall intensity. The sediment concentration from the rye grass-covered slope was reduced by 63.09% to 92.75%, as compared with the bare slope (Table 1) .
Univariate ANOVA results (Table 2) indicated that the average sediment concentration was linearly dependent on rainfall intensity and slope gradient. Both the two factors that were considered in the experiments significantly influenced the sediment concentration, as did the interaction between two factors at different rye grass coverages. And the same result were concluded by Chen, Cai, Zhang, Zheng, and Nie (2010) in the field study. Fig. 6 . Effect of rainfall intensity on sediment transport rate.
Effects of rye grass coverage on sediment transport rate
Sediment transport rate is the product of flow rate and sediment concentration and is a synthetic presence of flow rate and sediment concentration (Fig. 5) . Sediment transport rate decreased with rye grass coverage under a given slope gradient and rainfall intensity. The results (Table 3) showed that the sediment transport rate of the bare slope was significantly higher than that of the rye grass-covered slope (α ¼ 0.05). The sediment transport rate decreased dramatically when the rye grass coverage increased from 0% (bare slope) to 25%. This reduction rate diminished as the coverage increased from 25% to 50% and then to 75% (Fig. 6) . Sediment transport rate reduced more sharply with rye grass when of rainfall intensity and slope gradient increased.
Sediment transport rate increased linearly with rain intensity under certain rye grass coverage and slope gradient. The increase in the sediment transport rate of the bare slope was higher than that of the rye grass-covered slope; however, this difference in increase rates under different coverages was not significant. We predicted the value of the sediment transport rate under a rainfall intensity of 120 mm/h and a slope gradient of 251 (shown in Figs. 6 and 7 in Fig. 7 . Effect of slope gradient on sediment transport rate. dashed lines) according to the linear relation of the sediment transport rate to rainfall intensity. The sediment transport rate was reduced by 80.59% to 96.17% under the rye grass coverage (Table 3) .
The relationship between the sediment transport rate and the slope gradient under different rainfall intensities is shown in Fig. 7 . The sediment transport rate increased exponentially with the slope gradient under a certain rainfall intensity and rye grass coverage. The sediment transport rate increased with the slope gradient, and the growth increased with rainfall intensity but decreased with the rye grass coverage.
Conclusions
A laboratory experiment was conducted to investigate the effects of rye grass coverage on sediment yield and transport from loess slopes, with the following as variables: rye grass coverages, different slope gradients (51, 151, and 251), and rainfall intensities (60, 90, and 120 mm/h). The same letter means no significant difference α=0.05.
The sediment concentration/sediment transport rate of the bare slope was significantly higher than those of the grass-covered slopes. Grass coverage reduced soil erosion by 63.90% to 92.75% and sediment transport rate by 80.59% to 96.17% under different slope gradients and rainfall intensities.
The sediment concentration and the sediment transport rate from the grass-covered slopes decreased linearly with the grass coverage under a certain slope gradient and rainfall intensity. These values increased linearly with rainfall intensity. The increase in the sediment transport rate of the bare slope was higher than that for the grass-covered slope. Sediment concentration and transport rate of the bare slope increased exponentially with slope gradient, whereas that of the grass-covered slope followed a linear function.
Under a steep slope (251) and intensive rainfall intensity (120 mm/h), severe erosion is expected even under grass protection. Gentle and shorter slopes should be used to control erosion to tolerable levels.
The results of this study can be used for a more in-depth investigation on effect of vegetation on soil erosion in hilly areas of Loess Plateau as well as soil management and water conservation. The same letter means no significant difference α=0.05.
